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AbStrAct
We have investigated the homogeneity, chemical composition, structure, degree of radiation damage, and post-formation 
evolution of titanite crystals from skarns of the Grenville Province of the Canadian Shield using SHRIMP, TIMS, Raman and 
PL spectroscopy, EBSD, and EPMA–WDS. These results are used to assess the potential of the titanite as Reference Material 
(RM) for micro-analytical U–Th–Pb age dating. The SHRIMP data show that these megacrysts (5–31g) have concordant U–Pb 
isotope systematics, 60 to 500 ppm U, 120 to 1200 ppm Th , 206Pb/204Pb between 500 and 2500, ages of ~1 Ga, and excellent 
homogeneity at the scale of the analytical volume of the ion probe. The ID–TIMS titanite data for OLT1, OLT2 and TCB show 
that these crystals are essentially concordant. Data for OLT1 and OLT2 show slight scatter (i.e., in excess of that expected 
from the uncertainty in an individual analysis). For OLT1, one of seven analyses shows Pb loss or, possibly, a younger period 
of growth. Crystals OLT1 and OLT2 have respective TIMS concordia ages of 1014.8 ± 2.0 Ma (2s, n = 6, MSWD = 1.8) and 
998.0 ± 4.5 Ma (2s, n = 3, MSWD = 3.3) for domains that have not lost Pb. The TIMS analyses of TCB are tightly clustered and 
give a concordia age of 1018.1 ± 1.7 Ma (2s, n = 4, MSWD = 0.92). Raman and PL spectra show a low to moderate degree of 
accumulated radiation-induced damage in the Grenville Skarn Titanite crystals and uniform internal distributions of this damage. 
The EDSB contrast images indicate little or no crystallographic misorientation. The EMPA–WDS data show that the outer 50–100 
mm of the OLT1 and TCB crystals are enriched in Al and F, and depleted in Fe and Nb, when compared with the interior. In 
spite of the variation in composition and degree of radiation damage amongst samples, there are no identifiable matrix effects 
in our SHRIMP data. Some Grenville skarn titanite (GST) crystals have potential as RM for micro-analytical U–Th–Pb age 
dating. Crystal TCB has excellent homogeneity of U–Th–Pb isotopic composition. Crystals OLT1 and OLT2 have minor TIMS 
age heterogeneity. However, this heterogeneity is smaller than that of the Khan titanite, our current in-house titanite standard. 
Careful selection of analysis areas during SIMS, and of chips for TIMS analysis, allows high-quality isotopic data to be obtained 
from these large crystals of titanite.
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SOMMAire
Nous avons caractérisé l’homogénéité, la composition chimique, la structure, le degré de dommage dû à la radiation, et 
l’évolution post-formation de mégacristaux de titanite prélevés de skarns dans la Province de Grenville du Bouclier Canadien 
au moyen d’analyses SHRIMP, TIMS, spectroscopie Raman et Photoluminescence (PL), EBSD, et EPMA–WDS. Ces résultats 
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sufficient U and Th, and relatively low common Pb 
(Frei et al. 1997, Ketchum et al. 1998, Aleinikoff et al. 
2002, 2007), and the crystals are large enough to allow 
for widespread distribution. 
There are many difficulties in identifying and 
assessing titanite RM for micro-analysis. Still, titanite 
is widespread in calcic igneous rocks, it provides 
invaluable P–T information in calcareous metamorphic 
systems (Hayden et al. 2008), and its use in geochro-
nology is rapidly expanding. Additional titanite RM 
is needed for micro-analysis, and this has provided 
incentive for us to characterize a group of crystals of 
Grenville Skarn Titanite (GST).
bAcKgrOunD infOrMAtiOn
There are a number of reasons for the lack of titanite 
RMs. Finding natural titanite with a homogeneous bulk-
composition is very difficult. Complex schemes of solid 
solution, with variations of Ca, Ti, Fe, Al, and F at the 
percentage level, are common in titanite (Spear 1981, 
Bernau & Franz 1987, Xirouchakis & Lindsley 1998, 
Markl & Piazolo 1999, Frost et al. 2001, Hayden et 
al. 2008). The chemical composition of titanite can be 
affected by growth kinetics, and many titanite crystals 
exhibit complex or sector zoning (Paterson & Stephens 
1992). This heterogeneity is a major disadvantage for 
micro-analytical techniques if there are matrix effects 
that produce spurious ages (Fletcher et al. 2010). 
The partition coefficients for U and Th in titanite 
are lower than those of many other accessory minerals 
used for geochronology, such as zircon, monazite, and 
xenotime, and common Pb substitutes readily for Ca in 
servent à évaluer leur potentiel comme matériaux de référence pour datations U–Th–Pb micro-analytiques. Les données SHRIMP 
montrent que ces mégacristaux (5–31g) possèdent des relations concordantes dans le système isotopique U–Pb, de 60 à 500 
ppm U, de 120 à 1200 ppm Th, une valeur de 206Pb/204Pb entre 500 et 2500, un âge d’environ 1 Ga, et un degré d’homogénéité 
excellent à l’échelle du volume analysé avec la sonde ionique. Les données ID–TIMS portant sur les cristaux de titanite OLT1, 
OLT2 et TCB montrent qu’ils sont essentiellement concordants. Les données décrivant OLT1 et OLT2 montrent une légère 
dispersion, en excès de ce que l’on pourrait anticiper d’une analyse individuelle. Dans le cas de OLT1, une des sept analyses 
révèle une perte de Pb ou, peut-être, une période de croissance plus jeune. Les cristaux OLT1 et OLT2 démontrent des âges 
concordia TIMS de 1014.8 ± 2.0 Ma (2s, n = 6, MSWD = 1.8) et 998.0 ± 4.5 Ma (2s, n = 3, MSWD = 3.3), respectivement, 
pour les domaines qui n’ont pas perdu de Pb. Les résultats TIMS pour le cristal TCB définissent une fourchete serrée et donnent 
un âge concordia de 1018.1 ± 1.7 Ma (2s, n = 4, MSWD = 0.92). Les spectres Raman et PL montrent un degré de dommage 
accumulé suite à la radiation variant de faible à modéré, et une distribution interne uniforme du dommage. Les images obtenues 
par contraste EDSB indiquent très peu de désorientation cristallographique, ou bien aucune. Les compositions acquise avec une 
microsonde électronique en dispersion de longueurs d’ondes montrent qu’un liseré externe de 50–100 mm des cristaux OLT1 et 
TCB est enrichi en Al et F, et appauvri en Fe et Nb, par rapport à l’intérieur. Malgré les variations en composition et en degré 
de dommage dû à la radiation, nous ne voyons aucun effect de matrice dans nos données SHRIMP. Certains cristaux de titanite 
des skarns de Grenville ont donc un bon potentiel pour servir de matériaux de référence pour déterminations micro-analytiques 
de l’âge U–Th–Pb. Le cristal TCB possède une excellente homogénéité des isotopes U–Th–Pb. Les cristaux OLT1 et OLT2 font 
preuve d’une légère hétérogénéité dans les âges TIMS. Toutefois, cette hétérogénéité est inférieure à celle de la titanite de Khan, 
notre étalon interne présentement. Une sélection soignée des domaines à analyser au cours des sessions SIMS, et des fragments 
pour un analyse par TIMS, nous permettra d’obtenir des données isotopiques de qualité supérieure de ces mégacristaux de titanite.
 (Traduit par la Rédaction)
Mots-clés: titanite, matériaux de référence, Province de Grenville, skarn, SHRIMP, TIMS, Raman, EBSD, géochronologie.
intrODuctiOn
Titanite (CaTiSiO5), a ubiquitous major-element 
phase in calcic igneous and metamorphic rocks, may 
in some cases incorporate 10s to 100s of ppm of U and 
Th. The high contents of U and Th, along with a high 
closure-temperature for Pb diffusion (700–750°C: Cher-
niak 1993, Parrish & Whitehouse 1999), make titanite 
an important accessory mineral in U–Th–Pb Thermal 
Ionization Mass Spectrometry (TIMS), Secondary Ion 
Mass Spectrometry (SIMS) and Laser Ablation – Induc-
tively Coupled Plasma – Mass Spectrometry (LA–ICP–
MS) geochronology (e.g., Corfu 1996, Frei et al. 1997, 
Corfu & Stone 1998, Ketchum et al. 1998, Frost et al. 
2001, Aleinikoff 2002, Storkey et al. 2005, Bakker & 
Elburg 2006, Storey et al. 2006, Frost & Fanning 2006, 
Buick et al. 2007, Amelin 2009, Heaman 2009, Smith 
et al. 2009). The accuracy and precision of SIMS and 
LA–ICP–MS U–Th–Pb methods depend on the quality 
of the reference materials (RM); currently, there is a 
limited choice of RM. Titanite from the Khan pegmatite 
(Kinny 1997, Heaman 2009) and BRL–1, a 1047 Ma 
titanite from the Bear Lake Diggings, Ontario, Canada, 
(Aleinikoff et al. 2002, 2007, Frost & Fanning 2006, 
Mazdab et al. 2009) are the only titanite samples that 
are widely distributed. 
A reference material needs to be large enough, 
or abundant enough, that there is sufficient material 
for widespread distribution and reasonable longevity 
of use. We have focused our attention on identifying 
potential RM titanite from the U- and Th-rich skarns 
of the Grenville Province of the Canadian Shield, as it 
is likely that these occurrences of ~1 Ga titanite have 
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titanite. In addition, the modal abundance of titanite is 
commonly at the percentage level; this means that the 
radiogenic parent elements are present at low levels 
because of dilution throughout the large volume of 
titanite (Frost et al. 2001). Thus, it can be difficult to 
find a titanite crystal with sufficient U and Th to give 
good analytical precision for micro-analysis techniques. 
In addition, low initial Pb is required so that the correc-
tion for common Pb has a minor effect on analytical 
precision. Also, in some cases, natural titanite is unsuit-
able as reference materials owing to metamictization. 
Radiation damage and subsequent alteration have the 
potential to produce discordant analyses owing to recent 
or ancient Pb loss, or to radiation-damage-induced 
matrix effects changing the sputtering characteristics 
of U and Pb. 
Synthetic titanite and glasses of titanite composi-
tion are being produced by experimental techniques 
(Prowatke & Klemme 2006, Ødegård et al. 2007, 
Mazdab et al. 2009), but these are not currently used 
as a U–Th–Pb isotope RM. Whether they can be used 
as micro-analytical RM is unknown. Lead was included 
in the starting compositions of some experiments (F. 
Mazdab, pers. commun.), but the homogeneity of the Pb 
isotopic composition of the experimental run products 
has not been determined.
An ideal RM for micro-analysis must be isotopi-
cally homogeneous; this characteristic must be exam-
ined carefully when assessing large crystals of natural 
titanite, as inheritance of older components can occur 
in both igneous and metamorphic titanite (Corfu 1996, 
Pidgeon et al. 1996, Zhang & Schärer 1996, Ketchum et 
al. 1998, Storey et al. 2006). Heaman (2009) has shown 
that the Khan titanite RM is isotopically heterogeneous 
in U–Pb at the TIMS analytical volume. Multi-grain 
separates are unlikely to be useful as RM, as different 
age-populations of titanite can be present in a single 
rock (Getty & Gromet 1992, Corfu 1996, Kamo et al. 
1996, Verts et al. 1996, Corfu & Stone 1998, Aleini-
koff et al. 2002, 2007). Using Proterozoic or Archean 
titanite as a RM has the advantage that 206Pb/204Pb, 
207Pb/206Pb and 208Pb/204Pb are higher for any given U 
and Th content than younger titanite. However, there is 
a trade-off in that radiation damage increases with age. 
Detailed isotopic assessment of any potential titanite 
RM is essential.
the SAMpleS
The materials studied are all single crystals from 
different coarse-grained skarns. Reference materials 
OLT1 and OLT2 are from the Ca–Ti-rich skarns at 
Otter Lake, Quebec, and have respective weights of 31 
and 4.6 g. Reference material TCB is a 5.5 g crystal 
from the Campbell’s Bay area, Quebec. Figure 1A is a 
photograph of the OLT1 megacryst.
The Otter Lake area is located approximately 
100 km NW of Ottawa. These rocks are within the 
Grenville Province, which is the remains of a deeply 
eroded collisional mountain belt that formed between 
1.3 and 1.0 Ga. The sample area forms part of the 
boundary between the Central Metasedimentary Belt 
and the Central Gneiss Belt, and mainly includes 
gneisses, marbles, amphibolites and skarns, which 
underwent upper-amphibolite-facies metamorphism at 
temperatures and pressures of 650 to 700°C and 6.5–7 
kbar during the Elzevirian and Ottawan phases of the 
Grenville orogeny (Kretz 1993, Kretz et al. 1999). 
Hydrothermal activity that accompanied metamor-
phism transformed portions of the Grenvillian marbles 
into pink or salmon-colored metasomatic units (Kretz 
1990, 2009), and these form many of the skarns. In 
the Bancroft domain south of Otter Lake, Mezger et 
al. (1991) have shown that metamorphism during the 
Ottawan orogeny peaked at ca. 1045–1030 Ma, and that 
the Bancroft shear zone remained active from 1045 to 
893 Ma. Ketchum et al. (1998) obtained titanite U–Pb 
ages ranging from 1049 to 956 Ma for a small (20 3 
20 km) area of the southwestern Grenville Province, 
and have shown that micro-texture, strain state, struc-
tural position, titanite morphology, and host-rock U–Pb 
data are essential for the interpretation of titanite ages. 
They concluded that titanite recorded (1) regional meta-
morphism (1049–1045 Ma), (2) closure-temperature 
ages during unroofing (1028–1018 Ma), (3) localized 
high-strain recrystallization and resetting (1008–1000 
Ma), and (4) late, fluid-phase-driven post-kinematic 
recrystallization (967–956 Ma).
Both OLT1, a 5 3 5 3 2 cm dark reddish brown 
single crystal, and OLT2, a 2 3 1 3 0.5 cm dark reddish 
brown single crystal, are from a large metasomatic 
calcite skarn at the Yates uranium prospect, in rocks that 
are rich in augite, scapolite, and titanite (Shaw 1958, 
Shaw et al. 1963a, 1963b, Trzcienski et al. 1974). The 
Yates locality also contains a second calcite skarn, with 
significantly different mineralogy, that contains abun-
dant purple fluorite, and green fluorapatite, plus minor 
scapolite and diopside. Given the complexity of the 
Yates locality, and the presence of multiple skarns, we 
cannot be certain that our titanite samples are from the 
same skarn as the titanite studied by Frei et al. (1997). 
It is probable that the apatite sample studied by Barfod 
et al. (2005) is from a different skarn than our titanite.
The TCB titanite was purchased from a mineral 
dealer, and the locality was given as Campbell’s Bay, 
Quebec, a small town located between Litchfield and 
Grand Calumet. Both Litchfield and Grand Calumet 
areas have numerous coarse-grained U-rich skarns and 
lenses that contain titanite (Shaw 1958), so the exact 
locality of TCB cannot be determined accurately from 
the information available.
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AnAlYticAl techniqueS
SEM
A selection of chips and large slices of the titanite 
crystals were imaged with back-scattered electrons 
(BSE) with a Philips XL30 scanning electron micro-
scope (SEM) located in the Department of Imaging and 
Applied Physics at Curtin University of Technology 
(CUT). Operating conditions were a 25 kV accelerating 
voltage, an 80 nA beam current, and a ~6 mm spot size.
EMPA–WDS
Electron-microprobe analyses (EMPA) were carried 
out with an automated JEOL JSM 6400 SEM fitted 
with three wavelength-dispersive crystal spectrometers 
(WDS), located in the Centre for Microscopy, Charac-
fig. 1. A. Photograph of the OLT1 crystal. Scale bar is 4 cm in length. B. BSE image of OLT1 showing inclusions and infilling 
of fractures by other phases. Zoning was not observed using high contrast, low brightness, high accelerating potential (30 
kV) and extended integration-times, for most regions of the GST. The bright spots are flakes of the evaporative gold coat 
used to provide conductivity during the SHRIMP analysis. Scale bar is 1 mm. C. Transmitted light image of TCB chips. 
Fracturing and small inclusions are visible, and the general transparency of the material is apparent. Scale bar is 3 mm. D. 
High-resolution, high-contrast, high-acceleration potential (30 kV) BSE image of the edge zone of OLT1. The edge zone 
has variable width and is not continuous on all faces of the GST crystals. Polishing scratches are visible as thin lines in the 
image. The bright spots are flakes of the evaporative gold coat used to provide conductivity during SHRIMP analysis. Scale 
bar is 20 mm.
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terisation and Analysis (CMCA) at the University of 
Western Australia (UWA). Data were collected along 
1–2 cm traverses to assess compositional variation 
across the crystals. Operating conditions were: accel-
erating voltage 20 kV, beam current 100 nA, and a spot 
size of ~1–2 mm. Synthetic glasses and natural minerals 
were used as standards. The X-ray lines analyzed and 
the standard materials used for the analyses were: SiKa 
(wollastonite), PKa (LaPO4), CeLa (CePO4) , SmLa 
(SmPO4), GdLa (GdPO4), DyLa (DW4 glass), ErLa 
(DW4 glass), YbLa (DW2 glass), YLa (YPO4), CaKa 
(wollastonite),TiKa (rutile), NbLa (CaNb2O6), FeKa 
(Fe metal), MnKa (MnTa2O6), MgKa (periclase), 
NaKa (jadeite), AlKa (corundum), and FKa (fluo-
rite). Counting times of 40 s were employed on both 
peak and background positions. Background positions 
were selected according to the method of Williams 
(1996), and overlap factors were derived empirically 
from measurement of the standards. The method for 
the analysis of titanite follows that given in Williams 
(1996) and Rasmussen et al. (2008). Data reduction 
and image manipulation used software from Moran 
Scientific. Uncertainties are ±10% relative for minor 
and trace elements.
Raman and photoluminescence (PL) spectroscopy
Raman and laser-induced PL spectra were obtained 
using a dispersive Renishaw RM1000 spectrometer 
system equipped with Leica DMLM optical micro-
scope and a Si-based, Peltier-cooled charge-coupled 
device (CCD) detector. Spectra were excited with the 
blue emission of an Ar+ laser (488 nm, ~10 mW at the 
sample surface). A 503 objective (numerical aperture 
0.75) was used to focus the laser beam onto the sample 
surface. Spectra were obtained in the quasi-confocal 
mode, with a lateral resolution of ~4–5 mm. The laser 
energy used (or, more precisely, the energy density) 
was well below the threshold where intense heating of 
samples by local absorption of the laser light produces 
sample chemical or structural changes. The spectral 
resolution was ~5 cm–1, which corresponds to between 
0.07 nm in the blue and 0.28 nm in the near-infrared 
range. Spectra were calibrated using Ne lamp emissions, 
and the wavenumber accuracy was better than 1 cm–1 
(i.e., clearly better than 0.1 nm). For more experimental 
details, see Nasdala & Massonne (2000).
Electron-backscatter diffraction (EBSD)
Chips of the titanite samples were analyzed by 
electron-backscatter diffraction at the Micro-structural 
Analysis Facility, Curtin University of Technology. Data 
acquisition, processing and post-processing analysis of 
the EBSD data were undertaken using a XL–30 Philips 
SEM and Oxford Instruments Channel 5.9 software 
using settings described elsewhere (Reddy et al. 2007). 
Empirical electron-backscatter spectra were obtained 
from 150 3 150 mm2 areas of several of chips of each 
sample of titanite, and were used to produce maps of 
EBSP quality and crystallographic orientation. Noise 
reduction from spurious pixels included a “wild-spike” 
and four-nearest neighbor zero-solution correction 
(Reddy et al. 2008).
SHRIMP U–Th–Pb analysis
Titanite chips and slices were mounted and polished 
in epoxy mounts 2.5 cm in diameter, and then gold-
coated prior to SEM imaging and analysis on the Sensi-
tive High mass-Resolution Ion Microprobe (SHRIMP). 
The Khan titanite was used as the principal RM for 
Pb*/U and Th*/Pb calibration as it has been well 
characterized by TIMS analysis (Heaman 2009). The 
SHRIMP analyses were conducted on the two SHRIMP 
II ion probes at Curtin University. Our datasets were 
collected between August 2006 and October 2009. The 
initial analytical sessions were aimed at identifying 
possible U–Pb RM, whereas later datasets were aimed 
at characterizing the most likely candidates. The titanite 
data are from nine SHRIMP analytical sessions on 
six different mounts. Analytical sessions for an initial 
assessment consisted of measurements of the Khan 
titanite interspersed with multiple analyses of multiple 
chips of one or more of the Grenville skarn titanite, plus 
other titanite grains. In later characterization sessions, 
large chips or single slices of a single crystal of titanite 
were analyzed, along with a smaller number of refer-
ence standard analyses. The SHRIMP data are processed 
with SQUID2 (Ludwig 2009). The calculated ages and 
concordia diagrams rely on the 238U decay constant of 
Jaffey et al. (1971), 1.55125 3 10–10, and the revised 
235U decay constant of Schoene et al. (2006), 9.8569 3 
10–10. Common Pb compositions are calculated from the 
Stacey & Kramers (1975) bulk-crust Pb isotope compo-
sition model. Statistical parameters and Concordia 
diagrams were generated with Isoplot 3 (Ludwig 2003).
One possible difficulty faced in using the SHRIMP 
data to assess the homogeneity of the titanite samples is 
the use of the Khan titanite as the principal RM, as this 
titanite crystal shows some heterogeneity at the scale 
of the TIMS analytical volume (Kinny 1997, Heaman 
2009). This introduces an additional level of uncertainty 
to the datasets. However, we have treated the Khan 
chips as being homogeneous for our data reduction, 
and we have seen no evidence for large isotopic varia-
tions. For one dataset, we used OLT2 as the RM for 
analysis of TCB, as the chip of Khan intended for use 
as the RM was ground away during mount polishing. 
The possible slight heterogeneity of our Khan titanite 
chips makes the identification of subtle matrix effects or 
orientation effects difficult. However, small differences 
between standard chips can easily account for any subtle 
differences in the final datasets from different mounts.
Additional details of the SHRIMP analytical tech-
nique are given in Appendix 1.
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TIMS
The uranium–lead ID–TIMS ages of the Grenville 
skarn titanite crystals were determined in the Jack 
Satterly Geochronology Laboratory at the University 
of Toronto based on procedures modified from Krogh 
(1973). Fragments of titanite crystals were weighed on 
a microbalance, cleaned in 2N HNO3, and rinsed with 
water and then acetone. The crystals were placed into 
3 mL Teflon capsules with ~300 mL of concentrated 
HF, ~40 mL of 8N HNO3, and a measured quantity of a 
205Pb–235U spike solution. The capsules were placed on 
a hot plate at ~80ºC for ~5 days, and following this, the 
solution was dried to a precipitate and then redissolved 
in ~0.3 mL of 3N HCl on a hot plate at ~80°C overnight. 
Uranium and Pb were isolated from the titanite solution 
using HBr and anion-exchange chromatography, dried 
down with ~0.010 mL of 0.05N H3PO4, and deposited 
onto outgassed single rhenium filaments with silica 
gel (Gerstenberger & Haase 1997). Lead and U were 
characterized with a VG354 mass spectrometer using 
multiple Faraday collectors in multidynamic collection 
mode for Pb (i.e., alternating 205Pb and 204Pb in the 
axial Daly collector) and static collection for U, or in 
some cases a Daly detector in pulse-counting mode 
for smaller samples of U. Dead time of the measuring 
system for U was 21 ns. The correction for the Daly 
detector bias is constant at 0.05% per atomic mass unit. 
Amplifier gains were monitored using the SRM982 
Pb standard. A thermal mass-fractionation correction 
of 0.10% per atomic mass unit was used, with errors 
of 0.08% and 0.05% (2s) for Pb and U, respectively. 
Initial common Pb in excess of estimated blanks of 2 
and 0.1 pg for Pb and U, respectively, was corrected by 
using the Stacey & Kramers (1975) model. The spike 
calibration-error on the ratio U/Pb is 0.1% (2s). Decay 
constants are those of Jaffey et al. (1971). All age errors 
quoted in this article and error ellipses in the concordia 
diagrams are given at the 95% confidence interval. 
Plotting and age calculations were done using Isoplot 
3.00 (Ludwig 2003).
reSultS
Titanite can have complex internal zoning, as shown 
by BSE imaging, and small grains of titanite from 
the southwestern area of the Grenville Province have 
isotopic compositions that are partially or completely 
reset (Ketchum et al.1998). Therefore, we have ensured 
that our data are from both the interior and outer regions 
of the GST crystals.
SEM
The SEM images (Figs. 1B, D) show that the GST 
crystals exhibit fracturing, contain inclusions, and 
exhibit minor alteration along some cracks. Although 
chips of the GST are transparent (Fig. 1C), SEM 
examination shows that they cannot be used as RM for 
bulk techniques. Careful hand-picking of finely crushed 
material is essential for TIMS analysis, and with micro-
analysis techniques, one must select inclusion-free, 
unaltered material, and use transmitted light and elec-
tron microscope examination prior to analysis.
EMPA–WDS results
Results of electron-microprobe WDS analyses of 
chips and slices of the titanite samples are given in 
Table 1. The GST samples have high contents of Al2O3, 
FeO, Nb2O5 and F. The amount of TiO2 is well below 
the 40.7 wt% of pure CaTiSiO5, suggesting octahedral 
substitution of Al, Fe and Nb for Ti. The high Al2O3, 
FeO, Nb2O5 and F contents of the GST crystals exam-
ined in this study are typical of titanite from other 
Grenville skarns (Shaw 1958, Frei et al. 1997), and 
typical of titanite formed during upper amphibolite-
facies metamorphism (Frei et al. 1997, Ketchum et 
al. 1998, Tropper & Manning 2008) but very much 
higher than most titanite from granitic rocks (Frost et 
al. 2001). Titanite from granitic pegmatites commonly 
have elevated levels of Al2O3, REE, FeO, Nb2O5, and 
F, but rarely do they reach levels similar to those of the 
GST. For example, the Khan titanite, of pegmatite origin 
(Table 1), which has elevated levels of substitution 
compared to titanite from granitic and mafic rocks (e.g., 
Paterson & Stephens 1992), has lower levels of these 
components than the GST. The GST have CaO that is 
close to 28 wt%, a value that is slightly below that of the 
pure stoichiometric compound, 28.5 wt%, and this can 
be explained by substitution of the rare-earth elements 
for calcium. Our EMP analyses were characterized by 
totals close to 100% (98.8–100.8 wt %). There is thus 
very little evidence for the coupled substitution of Ti4+ 
+ O2– = A13+ + OH– that produces low totals in some 
samples of titanite (Franz & Spear 1985). Our GST 
materials typically have an excess of approximately 
5% of the octahedrally coordinated cations, such as Ti, 
Al, Fe, and Nb. This is usually explained by 4+ ions 
substituting for Si4+ at the tetrahedral sites (Hollabaugh 
& Rosenberg 1983). However, the SiO2 concentrations 
of the GST are close to 30 wt%, as would be expected 
for pure, stoichiometric CaTiSiO5. It is thus unlikely 
that there is significant substitution of IVTi at the Si site.
The data from the series of EMP analyses across 
slices of the OLT1, OLT2 and TCB titanite crystals are 
shown in Figure 2. Table 1 contains mean compositions 
and standard deviations for analyses from the Interior, 
Rim and Edge zones for each of the GST crystals. We 
use this three-fold terminology, based on the EMP data, 
to compare different parts of the crystallization history 
of these large crystals. The Interior zone represents the 
first-formed material and encompasses the center of the 
crystal and a zone extending outward to the inner edge 
of the Rim zone. The Rim is defined as a zone 5 mm 
wide immediately adjacent to the Edge zone. These 
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compositions are representative of the bulk of the mate-
rial grown during crystallization. The Edge zone refers 
to data acquired in the outer 200 mm of the crystal, and 
it represents material grown at the final stage of skarn 
development.
Reference material OLT1 exhibits a range of compo-
sitions for the major elements and a rapid change in 
composition close to the outer edge of the crystal. The 
Al2O3 and F contents increase from the core to the outer 
edge of the crystal, with ranges of 5.4 to 7.1 wt%, and 
1.5 to 2.0 wt%, respectively. The constituents FeO and 
Nb2O5 show the opposite trend from the core to outer 
edge, with ranges of 2.6 to 1.0 wt%, and 0.8 to 0.2 wt%, 
respectively. Reference material OLT2 has the same 
core-to-outer-edge trends as OLT1, but with reduced 
ranges, and therefore, a less heterogeneous composi-
tion (Fig. 2). The component Al2O3 is higher in OLT2 
than OLT1 and TCB, and varies from 6.2% to 6.8% 
over a distance of 2.7 cm. Fluorine varies from 1.9% 
in the core to 2.4% near the edge of the crystal. The 
component FeO varies from 1.9% in the core to 1.6% 
at the edge, and Nb2O5 decreases slightly from 0.29% 
to 0.23%. Reference material OLT2 does not exhibit 
the rapid compositional changes near the outer edge 
that are shown by OLT1 and TCB. Reference material 
TCB exhibits the same trends as OLT1, including the 
rapid change in composition close to the outer edge 
of the crystal; this sample has much lower FeO in the 
core than OLT1. 
The GST materials are enriched in trace elements 
and the LREE are enriched relative to the HREE. 
For example, our maximum WDS-established Ce2O3 
content is 0.53 wt%. This equates to 4525 ppm Ce. 
Similarly, the heavier REE are enriched, but to a slightly 
lesser degree. For example, Dy2O3 has a maximum 
value of 0.06 wt%, which equals 523 ppm. These levels 
of the REE are typical of what is observed for titanite 
from granites (Marks et al. 2008), and LREE/HREE > 1 
would be predicted from partitioning studies of titanite 
(Prowatke & Klemme 2005). The REE data from the 
EMPA–WDS traverses across the GST crystals do not 
show the consistent trends shown by Al2O3, FeO, F and 
Nb2O5, with only minor variation outside of analytical 
uncertainties. 
The WDS data show that (1) none of the GST are 
homogeneous in major or trace elements, (2) there is 
chemical variation that is larger than the analytical 
precision for the elements displayed, (3) the Edge zone 
can be enriched or depleted, relative to the Interior and 
Rim zones of the crystals, (4) there is a slow consistent 
variation in composition over large distances within the 
Interior and Rim zones of the crystal, (5) each crystal 
has a slightly different composition, and (6) there are 
occasional large steps in composition between adjacent 
WDS analyses.
TABLE 1.  MEAN RESULTS OF ELECTRON-MICROPROBE ANALYSES (WDS)
OF THE INTERIOR, RIM AND OUTER EDGE ZONES OF THE CRYSTALS OF GRENVILLE SKARN TITANITE
_______________________________________________________________________________________________________________
OLT1 SD OLT1 SD OLT1 SD OLT2 SD OLT2 SD OLT2 SD TCB SD TCB SD TCB SD Khan SD
Interior (n= Rim (n= Edge (n= Interior (n= Rim (n= Edge (n= Interior (n= Rim (n= Edge (n= (n=
48) 16) 9) 29) 16) 8) 38) 8) 4) 3)
______________________________________________________________________________________________________________
2SiO  wt%   30.48 0.27 30.87 0.25 30.24 0.10 30.88 0.32 30.69 0.21 30.12 0.07 30.81 0.13 30.65 0.18 30.09 0.15 29.59 0.04
2TiO    29.98 0.21 30.76 0.48 30.53 0.36 29.81 0.50 30.76 0.35 29.57 0.59 31.50 0.30 31.03 0.46 31.02 0.12 34.77 0.04
2 5Nb O   0.76 0.04 0.32 0.04 0.20 0.03 0.29 0.04 0.25 0.02 0.27 0.03 0.26 0.03 0.24 0.04 0.20 0.03 0.55 0.02
2 3Y O    0.19 0.03 0.23 0.04 0.30 0.05 0.23 0.03 0.21 0.01 0.24 0.04 0.29 0.04 0.30 0.04 0.32 0.02 0.39 0.03
2 3Ce O   0.44 0.04 0.44 0.04 0.50 0.05 0.42 0.02 0.33 0.29 0.42 0.03 0.54 0.06 0.52 0.03 0.57 0.01 0.76 0.03
2 3Sm O   0.08 0.04 0.09 0.03 0.09 0.05 0.07 0.03 0.06 0.03 0.07 0.03 0.10 0.04 0.11 0.05 0.07 0.05 0.10 0.03
2 3Gd O   0.08 0.04 0.11 0.04 0.09 0.06 0.08 0.03 0.08 0.03 0.08 0.03 0.09 0.04 0.10 0.03 0.13 0.04 0.11 0.04
2 3Dy O   0.03 0.02 0.04 0.03 0.05 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.04 0.02 0.06 0.03 0.06 0.00 0.02 0.02
2 3Er O   0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.06 0.02 0.04 0.01
2 3Yb O   0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.03 0.02 0.03 0.02 0.01 0.02
2 3Al O   5.47 0.05 6.20 0.18 7.09 0.25 6.79 0.13 6.80 0.06 6.82 0.08 5.79 0.19 6.08 0.22 6.48 0.04 3.02 0.01
FeO    2.62 0.07 1.64 0.09 0.97 0.03 1.61 0.04 1.62 0.02 1.61 0.03 1.21 0.04 1.15 0.05 1.18 0.04 1.52 0.01
MnO    0.04 0.01 0.05 0.01 0.04 0.01 0.05 0.01 0.04 0.01 0.05 0.01 0.05 0.02 0.04 0.01 0.04 0.01 0.14 0.01
MgO    0.01 0.01 0.08 0.01 0.17 0.01 0.08 0.01 0.09 0.01 0.10 0.01 0.12 0.01 0.12 0.01 0.14 0.01 0.00 0.00
CaO    28.12 0.24 28.67 0.24 28.19 0.22 28.55 0.37 27.79 0.45 28.31 0.11 27.70 0.43 27.47 0.46 28.20 0.24 27.53 0.14
Na2O   0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00
F      1.61 0.13 1.82 0.16 2.36 0.20 1.23 0.14 2.28 0.13 2.25 0.14 1.45 0.10 1.35 0.11 2.17 0.02 0.75 0.03
2 5P O    0.10 0.02 0.14 0.02 0.20 0.01 0.19 0.02 0.10 0.02 0.16 0.01 0.10 0.01 0.10 0.01 0.24 0.02 0.19 0.01
Total 100.04 0.56 101.48 0.67 101.08 0.44100.36 0.80101.24 0.94 100.13 0.58 100.11 0.59 99.34 0.53 100.99 0.01 99.50 0.20
OF 0.68 0.77 0.99 0.52 0.96 0.95 0.61 0.57 0.91 0.32
99.36 100.71 100.09 99.84 100.28 99.18 99.50 98.77 100.08 99.18
_______________________________________________________________________________________________________________
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The observed internal compositional variation of 
the GST is typical of titanite, a mineral that commonly 
displays complex sector-zoning (Paterson & Stephens 
1992) and widely varying levels of substitution (Frost et 
al. 2001, Seifert 2005, Prowatke & Klemme 2005). The 
GST exhibit too much chemical variation to be useful 
as electron-microprobe standards.
Radiation damage and spectroscopy
The present U and Th concentrations and age of 
a mineral can be used to calculate a time-integrated 
alpha fluence (Da) [see Murakami et al. (1991) for the 
equation], and this value can be used in comparisons of 
the expected radiation-induced damage of the different 
titanite materials and other minerals. The calculated Da 
values for OLT1, OLT2, TCB and Khan are respectively, 
1.73 3 1018 a/g, 1.33 3 1018 a/g, 1.80 3 1018 a/g, and 
1.22 3 1018 a/g. These values of Da are comparable to 
the values for most Sri Lankan zircon SIMS standards 
(e.g., Br266, 1.83 3 1018 a/g, CZ3, 1.08 3 1018 a/g, 
M257, 1.66 3 1018 a/g; cf. Nasdala et al. 2008) and 
are low when compared with the Da value of ~1019 
alpha-events per gram calculated for nearly amorphous 
Sri Lankan zircon (Weber et al. 1994, Nasdala et al. 
2004). The comparably low self-irradiation doses of 
all titanite samples suggest that even if the samples did 
not experience any low-T thermal annealing since the 
time of their primary formation (which remains uncer-
tain), they cannot have accumulated a large amount of 
radiation damage.
There are several ways to study quantitatively the 
radiation damage in minerals using micro-spectroscopy. 
In Raman spectra, the degree of accumulated damage 
can be estimated from the broadening of vibrational 
bands [shown in detail for zircon by Nasdala et al. 
(1995)]. It should be noted, however, that an increase 
of the band width (expressed by the full width at band 
half-maximum, FWHM) may also be due to other struc-
tural effects such as strain, and the sample’s chemical 
composition, especially if elevated concentrations of 
non-formula elements are incorporated. To give an 
example of the latter effect, Seydoux-Guillaume et al. 
(2002) determined the FWHM of the main internal 
phosphate band [n1(PO4) near 970 cm–1] of an annealed 
sample of natural monazite at ~7 cm–1, whereas the 
n1(PO4) FWHM of chemically pure monazite is ~2 
cm–1 (Nasdala et al. 2010). In view of this finding, 
FWHM values of Raman bands can only be used for 
accurate quantitative estimates of the degree of the 
radiation damage if (1) a reliable calibration of radiation 
effects on the Raman spectrum is available, and (2) the 
chemical FWHM increase is either minor (such as in 
the case of zircon) or well calibrated. Both factors are 
not the case for titanite.
In general, the Raman spectra of the GST and other 
titanite samples do not show as well-defined bands 
as the spectra of synthetic CaTiSiO5 and a crystalline 
reference titanite (cf. Meyer et al. 1996). In particular, 
samples OLT1, OLT2, and TCB yielded notably 
broadened vibrational bands (Fig. 3). This indicates a 
disturbed short-range order, which can, as discussed 
above, be due to radiation damage or chemical substi-
tution at the percentage level of such elements as 
Fe, F, and Al. However, it is impossible to quantify 
from the Raman spectra alone whether the bands are 
broadened by an especially “colorful” composition, or 
radiation damage, or both, but it appears that samples 
TITQUEBEC, TSMLC, and KT are less disordered 
than TCB and the two OLT samples. All samples, 
however, seem to be not more than mildly to moder-
ately radiation-damaged. If the GST were metamict, the 
Raman spectra would be similar to that of glassy titanite 
shown in Figure 3A (compare also Zhang & Salje 2003, 
Bismayer et al. 2010). 
Another method of studying radiation damage in 
accessory minerals is based on the fine-splitting of 
electronic transitions of REE3+-related emission centers 
due to crystal-field effects. Increasing radiation-induced 
damage can be probed using the broadening of indi-
vidual REE3+ sub-bands in luminescence spectra. For 
instance, Panczer et al. (2003, 2005) proposed to use 
the 4F3/2 ! 4I9/2 transition of Nd3+ in evaluating the 
radiation damage of monazite.
The laser-induced photoluminescence spectra of all 
the GST and other titanite samples in Figure 3B are 
similar, as expected, as the samples have all incorpo-
rated the same group of rare-earth elements. The group 
of narrow bands between 600 and 660 nm wavelength is 
mainly due to Sm3+ and Er3+ (perhaps also Pr3+), and the 
group of bands above 840 nm is due to Nd3+ (Gaft et al. 
2005). The broad background feature in the red to near-
infrared range (700–870 nm) is most likely assigned to 
an emission center with a 3d electronic configuration, 
such as Fe3+ or Cr3+. In general, the REE-related elec-
tronic transitions show a well-developed fine-splitting, 
with minor variations of their moderate broadening of 
the individual emission sub-bands. For example, the 
intense, narrow Sm3+ band near 602 nm (4G7/2 ! 6H7/2 
transition) is somewhat broader in the TCB spectrum, 
compared to the TSMCL spectrum (FWHM 2.6 and 1.9 
nm, respectively). The difference is probably due to a 
more complex composition of TCB, with only a minor 
contribution of low levels of radiation damage.
In summary, the Raman and PL spectra show 
discernable, but minor differences among the different 
fig. 2. Abundances of Al2O3, FeO, F and Nb2O5 (wt%) 
measured by WDS–EMP analysis along slices of titanite. 
A. OLT1, B. OLT2, and C. TCB. Distance along the 
abscissa is in mm.
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GST, and between the GST and low-U titanite. These 
differences are attributed to both chemical variations 
and minor radiation damage. The Raman and PL spectra 
confirm the mild to moderate radiation-damaged state of 
the Grenville skarn titanite and their complex chemical 
composition, and show that they have a slightly more 
disordered state than the Khan titanite. This is as 
expected, as the Khan titanite has lower levels of Fe, 
Al, F, and Th, and a lower calculated Da than the GST.
Results from electron-backscatter diffraction (EBSD)
Our EBSD analysis has been used to assess the 
amount of misorientation present at the length scale 
of SIMS analysis (Timms et al. 2006). We also use 
electron-backscatter diffraction patterns (EBSP) to 
qualitatively examine the degree of radiation damage 
present in individual chips (Nemchin et al. 2009). In 
addition, we have used EBSD to assess whether there 
is a crystallographic orientation effect on secondary ion 
sputtering that is similar to that observed in baddeleyite 
(Wingate & Compston 2000). 
Our EBSD analysis of five millimetric chips of 
OLT1, eight chips of OLT2, and one chip of TCB show 
an even quality of pattern and very little variation in 
orientation within each chip (Fig. 4). In two chips of 
OLT1, there were small patches 20–100 mm across 
that show ~3° misorientation relative to the rest of the 
chip. The well-defined EBSPs of the GST materials are 
consistent with low degrees of metamictization from 
radiation damage. The quality (strength of diffrac-
tion bands) of the EBSPs show that there are similar 
degrees of radiation damage in the different chips of 
each titanite sample, and among the three GST titanite 
fig. 3. A. Raman spectra of GST and the Khan titanite (KT), in comparison to the reference spectrum of a glass of titanite 
composition produced by quenching of melt. The different relative intensities of the bands in the spectra should not be 
considered important, as this results from the random crystallographic orientation of samples. B. Corresponding laser-induced 
PL emission spectra (488 nm excitation). Spectra are dominated by groups of emission bands of REE centers (for band 
assignment, see Gaft et al. 2005). The average concentrations of actinides in the samples (in ppm) are: TITQUEBEC: U 70, 
Th 151, TSMLC: U 46, Th 120, TCB: U 295, Th 620, OLT2: U 252, Th 539, OLT1: U 335, Th 637, KT, U 584, Th 1100. 
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samples. We found no systematic relationship between 
the crystallographic orientation of the GST chips with 
respect to the incident SHRIMP beam and SHRIMP 
U–Pb data. Our data show that any orientation effect 
is small relative to other analytical uncertainties. The 
EBSD results show that there is no significant internal 
crystallographic misorientation, and the SIMS data for 
the GST are unaffected by deformation-related trace-
element diffusion (Reddy et al. 2007). 
SHRIMP U–Th–Pb analysis
Analytical results for the individual sessions are 
given in Table 2, and the results of the sessions char-
acterizing OLT1, OLT2, and TCB are described below. 
Data arising from individual analyses are presented 
in the table of Supplemental Data, which is available 
from the Depository of Unpublished Data on the MAC 
website [document Grenville titanite CM48_1423]. 
Figure 5 shows a Wetherill concordia plot for the 
three GST samples, in which the analytical results of 
multiple sessions on each sample have been combined. 
All individual analyses are concordant given our 2s 
uncertainties. The data for OLT1, OLT2 and TCB are 
very consistent; very few results of analyses plot outside 
the principal groups.
Eighty-eight analyses of OLT1, made over four 
analytical sessions, give a concordia age of 1016.8 
± 3.8 Ma (Fig. 5A), the MSWD for concordance is 
3.5, with a probability of concordance of 0.062. The 
MSWD for concordance and equivalence is 0.85, with 
a probability of 0.92. The Tukey’s bi-weighted mean 
206Pb*/238U, 207Pb*/206Pb* and 208Pb*/232Th ages for 
OLT1 are respectively, 1015.9 ± 4.1 Ma, 1017.1 ± 7.3 
Ma, and 1019.3 ± 6.6 Ma, where the uncertainties are 
95% confidence limits. 
Fifty-four analyses of OLT2 from three sessions 
give a concordia age of 998.3 ± 6.1 Ma (Fig. 5B); the 
MSWD of concordance is 4.8, with a probability of 
concordance of 0.029. The MSWD for concordance 
and equivalence is 0.56, with a probability of 1.00. The 
Tukey’s bi-weighted mean 206Pb*/238U, 207Pb*/206Pb* 
and 208Pb*/232Th ages for OLT2 are, respectively, 997.7 
± 5.1 Ma, 1010 ± 11 Ma, and 1003 ± 7.3 Ma, where the 
uncertainties are 95% confidence limits. 
The data derived from the seventy-six analyses of 
TCB, from three sessions are listed in Table 2. There 
is sufficient scatter in this dataset that a concordant 
age cannot be calculated using Isoplot without elimi-
nating data. Two “older” points from the first analytical 
session must be removed before a concordia age can 
be calculated if the 204Pb-corrected data are used. 
The resultant concordia age is 1021.8 ± 2.4 Ma (95% 
confidence limit), MSWD = 1.6, with a probability of 
concordance of 0.21. The MSWD for concordance and 
equivalence is 1.08, with a probability of 0.24. The 
Tukey’s bi-weighted mean 206Pb*/238U, 207Pb*/206Pb* 
and 208Pb*/232Th ages for TCB are, respectively, 1022.2 
± 3.0 Ma, 1024.1 ± 5.1 Ma, and 1016.2 ± 4.7 Ma, where 
the uncertainties are 95% confidence limits, and n = 74. 
TABLE 2.  SUMMARY SHRIMP DATA FOR INDIVIDUAL ANALYTICAL SESSIONS ON EACH CRYSTAL 
OF GRENVILLE SKARN TITANITE
_______________________________________________________________________________________________________________
(1) (1) (1) %
Pb* Pb* Pb* Dis- (1) (1) (1)206 207 208
% ppm ppm ppm Th 95% / U 95% / Pb* 95% / Th 95% cor- Pb* 95% Pb* 95% Pb* 95% err232 238 206 232 207 207 206
cSession # Pb U Th Pb* / U CI Age CI Age CI Age CI dant / Pb* CI / U CI / U CI corr
206 206 238 206 235 238
_______________________________________________________________________________________________________________
OLT1
1   (n = 18) 0.82 466 820 67.7 1.82 0.05 1010 14 1019 10 1034 17 1.0 0.07317 0.85 1.718 1.4 0.1711 1.3 0.92
2   (n = 21) 0.85 589 1062 87 2.02 0.01 1019 8 1006 17 999 10 0.2 0.07273 0.51 1.717 1.5 0.1712 0.9 0.65
3   (n = 28) 1.66 289 707 42 2.54 0.07 1017 5 1021 16 1011 5 0.7 0.07326 0.78 1.720 1.0 0.1708 0.6 0.59
4   (n = 20) 1.19 455 1171 67 2.56 0.08 1017 9 1021 16 1045 17 0.5 0.07325 0.79 1.725 1.2 0.1708 1.0 0.67
OLT2
1   (n = 20) 0.97 373 719 54 2.13 0.01 1006 13 998 16 1020 14 -0.7 0.07244 1.5 1.687 1.8 0.1687 1.5 0.88
2   (n = 5) 1.07 777 1134112 1.51 0.02 997 1 989 30 963 21 -1.0 0.07210 1.5 1.663 2.0 0.1673 0.1 0.42
3   (n = 29) 0.97 188 378 26.9 2.07 0.01 993 4 1023 16 1000 5 3.0 0.07334 0.8 1.682 0.9 0.1664 0.5 0.74
TCB
1   (n = 30) 0.53 451 910 67 2.09 0.01 1026 9 1030 8 1025 13 0.3 0.07357 0.4 1.750 1.0 0.1725 0.9 0.58
2   (n = 28) 0.63 645 1320 95 2.11 0.03 1021 3 1020 9 1014 5 -0.2 0.07322 0.4 1.733 0.5 0.1716 0.3 0.46
3   (n = 31) 0.71 511 1012 75 2.04 0.02 1021 5 1021 11 1012 7 -0.2 0.07326 0.6 1.732 0.9 0.1716 0.6 0.73
_______________________________________________________________________________________________________________
Uncertainties are 95% confidence intervals for Tukey’s Bi-weighted means. Columns without uncertainties are simple means.
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To improve our confidence in the homogeneity of TCB, 
the second dataset of 28 analyses for TCB had longer 
count-intervals. The 28 analyses of this dataset exhibit 
very little scatter, and give a Tukey’s bi-weighted mean 
206Pb*/238U age of 1020.2 ± 2.9 Ma and a concordia age 
of 1020.3 ± 1.2 Ma, MSWD = 0.17, with a probability 
of concordance of 0.68. The TCB data are plotted in 
Figure 5, with the excluded analyses from the first 
dataset shown as dashed ellipses, along with the calcu-
lated concordia ellipse for the combined dataset. 
TIMS results
The TIMS results (Table 3, Fig. 5) show that the 
three crystals (OLT1, OLT2 and TCB) each give 
concordant U–Pb ages. Data for OLT1 and OLT2 
show a slight scatter (i.e., in excess of that expected 
based on the uncertainty of individual analyses), and 
for OLT1, one of the seven analyses (Table 3) exhibits 
Pb loss. This dataset also has much lower U and Th/U 
than other OLT1 datasets. Titanite crystals OLT1 and 
OLT2 have respective concordia ages of 1014.8 ± 2.0 
Ma (2s, n = 6, MSWD = 1.8) and 998.0 ± 4.5 Ma (2s, 
n = 3, MSWD = 3.3). Four analyses of TCB are tightly 
clustered and give a concordia age of 1018.1 ± 1.7 Ma 
(2s, MSWD = 0.92). 
DiScuSSiOn
In SHRIMP geochronology applied to monazite 
and xenotime, matrix effects are a major concern, as 
changes in Pb+, Th+, U+, ThO+, UO+, ThO2+ and UO2+ 
fig. 4. Electron-backscatter diffraction analysis of (A) OLT1, 
(B) OLT2, and (C) TCB. (i) SEM images of the grains, (ii) 
example EBSP acquired during EBSD mapping from 
within the white boxes in (i). (iii) Histograms of EBSP 
quality (band contrast), acquired from areas indicated by 
white boxes in (i). The well-defined diffraction bands and 
high band-contrast values indicate that the crystallographic 
structure is intact and has not been severely altered by 
radiation damage. (iv) Variation in crystallographic 
orientation from mean orientation of areas indicated by 
white boxes in (i). Each chart shows that crystallographic 
orientation varies less than 3° across the grain. The results 
shown here are typical of the results for the other GST.
TABLE 3.  TIMS DATA FOR CRYSTALS OF GRENVILLE SKARN TITANITE
_______________________________________________________________________________________________________________
tot comW eight U Th Pb Pb Pb Pb 2ó Pb 2ó error Pb 2ó Pb 2ó Pb 2ó % 
206 207 206 207 206 207
(mg) (ppm) /U (pg) (pg) / Pb / U / U corr. / U / U / Pb Disc.204 235 238 235 238 206
meas. Age (Ma) Age (Ma) Age (Ma)
_______________________________________________________________________________________________________________
OLT-1
1 0.095 350 1.81 8049 152.1 2279.4 1.7089 0.0059 0.16987 0.00041 0.798 1011.9 2.2 1011.4 2.3 1013.0 4.3 0.2
2 0.075 334 1.92 6240 147.6 1780.3 1.7224 0.0060 0.17074 0.00034 0.687 1016.9 2.2 1016.2 1.9 1018.6 5.2 0.3
3 0.084 338 1.93 7232 259.0 1163.8 1.7355 0.0179 0.17186 0.00162 0.926 1021.8 6.6 1022.3 8.9 1020.6 7.9 -0.2
4 0.069 343 1.92 5868 117.9 2110.5 1.7236 0.0094 0.17072 0.00061 0.658 1017.4 3.5 1016.1 3.4 1020.2 8.3 0.4
5 0.097 328 1.91 7870 178.6 1865.2 1.7162 0.0087 0.17030 0.00036 0.474 1014.6 3.3 1013.8 2.0 1016.4 9.1 0.3
6 0.103 318 1.91 8117 182.3 1883.8 1.7219 0.0101 0.17060 0.00062 0.651 1016.7 3.8 1015.4 3.4 1019.6 9.0 0.5
7 0.056 286 1.52 3606 88.5 1862.9 1.6728 0.0088 0.16672 0.00045 0.563 998.3 3.3 994.0 2.5 1007.6 8.8 1.5
OLT-2
1 0.432 213 2.12 23451 762 1241 1.6630 0.0123 0.16672 0.00105 0.866 994.5 4.7 994.0 5.8 995.6 7.6 0.2
2 0.270 236 2.19 16325 393 1665 1.6719 0.0 065 0.16714 0.00040 0.699 997.9 2.5 996.3 2.2 1001.5 5.7 0.6
3 0.058 307 2.11 4994 571 337 1.6709 0.0450 0.16855 0.00070 0.131 997.5 17.2 1004.1 3.8 983 55 -2.3
TCB
1 0.068 411 2.05 7071 127 2302 1.7223 0.0088 0.17052 0.00081 0.915 1016.9 3.3 1015.0 4.4 1021.0 4.2 0.6
2 0.138 338 2.10 11925 222 2192 1.7227 0.0124 0.17062 0.00115 0.952 1017.0 4.6 1015.5 6.4 1020.2 4.5 0.5
3 0.080 262 2.04 5308 108 2039 1.7254 0.0067 0.17084 0.00049 0.811 1018.0 2.5 1016.7 2.7 1020.8 4.6 0.4
4 0.194 344 2.07 17221 458 1534 1.7304 0.0077 0.17144 0.00051 0.738 1019.9 2.9 1020.1 2.8 1019.6 6.1 0.0
_______________________________________________________________________________________________________________
tot comPb  is total amount of Pb excluding blank.  Pb  is the total amount of common Pb (corrected using Stacey & Kramers (1975) Pb evolution
model). 206/204 corrected for fractionation and common Pb in the spike;  Pb/U ratios also corrected for blank. Correction for Th230
disequilibrium in Pb/ U and Pb/ Pb assuming Th/U of 4.2 in the magma.206 238 207 206
Th/U is calculated from radiogenic Pb/ Pb ratio and Pb/ Pb age assuming concordance. Disc is percent discordance for the given208 206 207 206
Pb/ Pb age.  Error Corr is correlation coefficients of X–Y errors on the concordia plot.207 206
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fig. 5. Results of SHRIMP and TIMS U–Pb analyses of the GST plotted on Wetherill concordia diagrams. There are 88 
SHRIMP analyses of OLT1, 54 of OLT2, and 76 of TCB. Open ellipses show the 1s uncertainties for the individual analyses 
for SHRIMP data, and 2s uncertainties for the individual TIMS analyses. Filled ellipses are calculated concordia ages 
from the datasets. Two SHRIMP analyses of TCB, shown as dashed error ellipses, are not included in the calculation of 
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sputtering are produced by variations in the composi-
tion of the monazite and xenotime being analyzed. In 
some instances, the measured ratios of daughter to 
parent species, and hence calibrated ages, are 30–40% 
off from the TIMS value (Fletcher et al. 2010). We 
have not identified matrix effects within our datasets 
at our current level of precision. Even though the GST 
samples have highly variable major- and trace-element 
compositions, which are significantly different from 
the composition of the Khan titanite, our principal RM, 
our SHRIMP results are identical to the TIMS results. 
Any small difference between individual SHRIMP 
datasets and the TIMS results can easily be accounted 
for by assuming there is a small amount of Pb-loss in 
a few SHRIMP analyses, or that there is an odd poor 
analysis resulting from charging of the sample surface. 
Of course, there could be opposing matrix-effects that 
cancel out if there is a fortuitous balance of positive 
and negative effects associated with different elements. 
However, the GST samples do exhibit a range of 
compositions, with percentage-level variation for a large 
group of major elements, Ti, Fe, Al, and F, and tenths 
of a percent variation for a number of minor elements 
including Nb, Th and U. Because it is likely that a major 
matrix-effect would be identifiable in our datasets, we 
conclude that matrix effects are unimportant in titanite 
SHRIMP analysis for the specific samples of titanite 
that we have analyzed.
For SHRIMP U–Pb analyses, the individual spot 
uncertainties for calibrated 206Pb/238U values are typi-
cally about ±2% at 95% confidence (Stern & Amelin 
2003, Black et al. 2004, Fletcher et al. 2010, Stern et 
al. 2009). Our data consistently achieve this level of 
reproducibility for the standards. Individual analytical 
uncertainties for titanite are highly dependent on the 
amount of common Pb in the analysis, counting inter-
vals and the U content. 
A comprehensive study of instrumental mass-
fractionation (IMF) of Pb isotopes during SHRIMP 
analysis of OG1, a 3.4 Ga RM zircon, has shown that 
d7–6Pb, the mean IMF value for 207Pb*/206Pb*, is 
dispersed well beyond uncertainties, if the results of 
individual analytical sessions are compared, with an 
observed total range of 6‰ (Stern et al. 2009). In over 
26 zircon analytical sessions on three SHRIMP instal-
lations, Stern et al. (2009) measured an enhancement in 
207Pb* relative to 206Pb* of ~0.7‰. Our 207Pb*/206Pb* 
data are not as precise owing to the lower abundance 
of 207Pb* in the GST, and much larger common Pb 
corrections, owing to higher 204Pb; however, there is 
little evidence for consistent variation of the mean 
207Pb*/206Pb* in our titanite data. Figure 6 shows the 
weighted mean 207Pb*/206Pb* age from individual 
SHRIMP sessions and the TIMS weighted mean 
207Pb*/206Pb* age for each of the GST samples. For 
eight of the nine sessions, the SHRIMP and TIMS 
ages overlap, and there is no apparent IMF. In the 
third SHRIMP session for OLT2, the 207Pb*/206Pb* 
age is 2.4% higher than the TIMS value. The data for 
this session could potentially be affected by incorrect 
placement of the 204Pb peak, producing slight under-
counting of 204Pb, or the presence of a small Pb hydride 
on 207Pb, both of which would produce 207Pb*/206Pb* 
values that are too high (Compston et al. 1984). Another 
possibility is that there is a difference between the true 
common Pb composition and the Stacey & Kramers 
(1975) composition used in the data reduction. We 
have not been able to identify the cause of the higher 
than expected 207Pb*/206Pb* value in this session. We 
have not identified a titanite sample that can be used 
as an IMF monitor, as samples of Archean titanite, 
which would have sufficient 207Pb*, have on average 
7% common Pb (Heaman & Parrish 1991). The GST 
samples do not have sufficient 207Pb to be useful as IMF 
monitors. However, we would recommend the use of 
an IMF monitor, to confirm any instrumental problems 
producing a measurable IMF in titanite datasets.
The GST samples all contain minor amounts of 
common Pb. However, titanite with lower common 
Pb and similar U contents is uncommon (Heaman & 
Parrish 1991). Our results for the GST are internally 
consistent. We have found no relationship between age 
and composition, or for any age difference between 
the interior and outer edges of the crystals, suggesting 
that the titanite crystals grew over a relatively short 
time-interval.
There are five SHRIMP analyses of OLT1, one of 
OLT2, and two of TCB analyses in Figure 5 that plot 
at slightly younger 206Pb/238U and 207Pb/235U ages, 
consistent with minor Pb loss from some chips of the 
GST material. The effect of removing these datasets 
is small, making at most a 2.3 per mil difference in 
the mean age of the GST. The occurrence of minor Pb 
loss from OLT1 is confirmed by the TIMS data, with 
one analysis being clearly younger, with a 206Pb/238U 
age of 998 ± 2.5 Ma. This analysis has lower U, Pb, 
and Th/U, suggesting loss of U, Th as well as Pb. We 
do not consider this a result of a younger period of 
growth, as the small number of SHRIMP analyses that 
have younger 206Pb/238U ages do not have younger 
the SHRIMP concordia age for TCB. One TIMS analysis 
of OLT1 (Table 3, anal. 7) that has lost U, Th, and Pb 
plots outside the OLT1 diagram, with a 206Pb*/238U age 
of 998 Ma. It is not included in the calculation of the 
TIMS concordia age for OLT1. The calculated concordia 
uncertainty ellipse for each SHRIMP dataset is shown 
as a white ellipse. The different scales of the TIMS and 
SHRIMP diagrams mean that the concordia curve, which 
incorporates the uncertainties in the decay constants, 
appears as a band in the TIMS diagrams and as a thick line 
in the SHRIMP diagrams.
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207Pb/206Pb ages, a feature expected if they were 
formed during a younger period of growth. If the five 
analyses of OLT1 with younger 206Pb/238U ages are 
removed, the concordia age becomes 1019.1 ± 3.5 Ma 
(2s uncertainty), MSWD for concordance is 1.7, with 
a probability of concordance of 0.19. The MSWD for 
concordance and equivalence is 0.64, with a probability 
of 1.00. The new calculated age is further from the mean 
TIMS age than the age calculated with all SHRIMP 
analyses, so this removal may not be justified if the 
SHRIMP data are to be compared with the TIMS data.
A Lu–Hf age of 1031 ± 6 Ma for apatite OL–B8499 
from one of the Otter Lake skarns has been interpreted 
as the age of the peak of the Ottawan orogeny meta-
morphism (Barfod et al. 2005), which would correspond 
to 650 to 700°C under fluid-rich conditions (Kretz 
1990, Kretz et al. 1999). Our Otter Lake titanite ages 
are younger, and consistent with post-peak forma-
tion. Given their large size and homogeneous isotopic 
composition, it seems unlikely that the GST crystals 
recorded complete resetting 10–30 Ma after formation 
at the metamorphic peak. The calculated minimum 
closure-temperature for volume diffusion of Pb for a 
crystal of titanite with an effective diffusion radius of 
1 cm is >750°C (Cherniak 1993). Fast diffusion path-
ways may enhance diffusion and lower the temperatures 
needed for complete loss of radiogenic Pb in a system 
where the enclosing medium is Pb free. However, the 
relatively high partition-coefficient for Pb in titanite, 
with a value of approx. 1.0 (Prowatke & Klemme 2005), 
and a Pb-bearing environment, such as a calcareous 
skarn, means that the total Pb loss required for complete 
geochronological resetting of U–Pb ages is unlikely. 
We would rather ascribe the internally consistent but 
different U–Th–Pb ages of OLT1 and OLT2 to multiple 
episodes of titanite growth at Otter Lake, rather than to 
isotopic resetting.
cOncluSiOnS
Our data show that titanite crystals in Grenville 
skarns have potential as micro-analytical reference 
materials for U–Th–Pb analysis. The three large crystals 
of titanite that we characterized exhibit some hetero-
geneity in major- and trace-element composition, with 
relatively high levels of Fe, Al, and F, and moderate 
amounts of radiation damage, but are large enough 
that high-quality isotopically homogeneous material 
can be hand-picked from crushed material. The titanite 
crystals have ages close to 1 Ga, U and Th contents that 
have produced high 206Pb/204Pb (500–2500) and high 
208Pb/204Pb (200–1200), reducing the magnitude of the 
common Pb correction required for micro-analytical 
techniques. SHRIMP analysis of inclusion-free, unal-
tered regions of the crystals produces datasets with good 
U–Th–Pb isotopic homogeneity. Sample TCB is concor-
dant, and isotopically homogeneous in TIMS analysis. 
Samples OLT1 and OLT2 are slightly heterogeneous 
in the U–Pb decay system at the scales of the TIMS 
analytical volume. However, this level of heterogeneity 
fig. 6. Intrumental mass-fraction (IMF) of Pb isotopes or the SHRIMP analytical 
sessions. Vertical bars are the 95% confidence intervals for the weighted mean 
207Pb*/206Pb* age for the individual GST SHRIMP analytical sessions. The labeled 
horizontal grey bands are the 95% confidence limit of the weighted mean TIMS 
207Pb*/206Pb* age for each GST. 
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is smaller than that identified in any other titanite RM 
to which we have access. We conclude that the GST 
crystals are good micro-analytical RM that need further 
characterization. Small amounts (~100 mg) of OLT1 are 
available upon request from the senior author.
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The analytical conditions are as follows. A 2–3 
nA,10 keV, O2– primary beam, which is focussed into 
an elliptical spot with a maximum length of 20–30 mm, 
sputters M+ secondary ions, which are accelerated to 
10 kV, and refocused through an electrostatic analyzer 
(ESA) and magnet, to produce a secondary beam of the 
ions of interest, with a mass resolution of >5000 (M/
DM at 1% peak height) and a Pb+ sensitivity of 16–20 
cps/ppm/nA. This secondary signal is pulse-counted 
with a ETP® AF150H, discrete dynode, electron 
multiplier. The measured dead-time for the counting 
system is 25 ns. 
The primary beam is rastered over a 30 3 20 mm 
rectangle for 2.0 or 2.5 minutes prior to data collec-
tion, to reduce surface contributions by common Pb. 
Analyses have six cycles through the data acquisition 
species. Peak centering occurs for all cycles, on all 
peaks, with the exception of the fixed dispersion peaks 
204Pb+, and background, which are referenced to the 
preceding high count-peak, CaTi2O4+, and 207Pb+ and 
208Pb+ , which are referenced to 206Pb+ . The secondary 
ion species and data-collection sequence for titanite is 
based on the usual Perth SHRIMP procedure (Kinny 
1997), but with the addition of 232Th16O2+ in some 
sessions. The oxide species 238U16O+, 238U16O2+, 
232Th16O+ and 232Th16O2+, which have higher count-
rates than the elemental species 238U+ and 232Th+, are 
used, because titanite can have low U and Th contents, 
and the use of 238U+ and 232Th+ can significantly reduce 
analytical precision. The U abundance is calculated 
from the ratio of the UO peak and the reference peak 
CaTi2O4+ using the U abundance of the standard. The 
measured count-rate of the CaTi2O4+ peak is a function 
of the major-element chemistry of both the standard 
and unknowns and is highly sensitive to changes in 
conductivity and charging, and hence the uncertainties 
on the calculated U and Th contents are high, at ~20%. 
The Th abundance is calculated from the U abundance 
and the measured ratio 232Th16O+/238U16O+. 
The SHRIMP data are processed with SQUID2 
(Ludwig 2009). The U contents are calibrated against 
the Khan titanite (584 ppm U, Heaman 2009), or the 
titanite TIMS data of Table 3. Calibration of the ratios 
of radiogenic daughter (denoted by *) to radioactive 
parent, such as 206Pb*/238U, used either Khan titanite 
or one of the Grenville Skarn Titanite samples using 
a power law relationship, A = a 3 (B)m, where A is a 
ratio of daughter to parent species, such as 206Pb*/238U, 
206Pb*/238U16O, or 206Pb*/238U16O2, and B is typi-
cally a ratio of parent species, such as 238U16O/238U, 
238U16O2/238U, or 238U16O2/238U16O. The exponent 
in the equation, m, is measured or assumed for each 
session (e.g., for the206Pb*/238U16O to 238U16O2/238U16O 
pair, which is our preferred scheme of calibration, the 
exponent is set at 0.83 if the measured exponent falls 
outside the range 0.80–0.86). SQUID2 calculates a 
‘calibration constant’, a, for each analysis of the RM 
and an error-weighted mean and standard error for all 
of these analyses, plus the error on the calibration, 
and the external error from the standard dataset. For 
each analysis of an unknown, a value for aunk and its 
uncertainty is calculated. The calculated age of the 
unknown is derived from 206Pb*/238Uunk = aunk/arm 
3 206Pb*/238URM and the normal decay equations. 
Similar data-reduction procedures are available within 
SQUID2 for calculating 208Pb*/232Th ages. For the 
208Pb–232Th decay system, a calibration scheme with 
A = 208Pb*/232Th16O, B = 232Th16O2/232Th16O and an 
exponent m = 0.905 was used in data where two Th 
oxide species were measured. For the other datasets, the 
208Pb*/232Th ages were calculated indirectly by deriving 
Th contents from the measured 232Th16O/238U16O value. 
The Th content of Khan titanite is assumed to be 473 
ppm, and the 208Pb*/232Th and 206Pb*/238U decay 
systems are assumed to be concordant. This assumption 
has been proven incorrect for monazite RM (Fletcher et 
al. 2010), but TIMS Th concentrations have not been 
measured for the GST, so in the interim we have used 
this assumption. The ages and concordia plots use the 
238U decay constant of Jaffey et al. (1971), 1.55125 3 
10–10 and the revised 235U decay constant of Schoene 
et al. (2006), 9.8569 3 10–10. Both the internal and 
external uncertainty of the calibration constant have 
been included in the uncertainties of the ratios plotted 
in the figures, so that datasets collected on different 
mounts and different days are comparable. Uncertainties 
in calculated ages are listed as ±2s. Measured mean Pb 
isotope and parent/daughter ratios for each analysis are 
corrected for common Pb. The ratio 204Pb*/206Pb, and 
the estimated 207Pb*/206Pb age of the titanite, are used 
to correct for a common Pb composition calculated from 
the Stacey & Kramers (1975) model of bulk-crustal Pb 
isotope composition. Robust means are less influenced 
by outliers and the assumption of a normal distribution 
than a simple uncertainty-weighted mean, and so we 
have chosen to use the Tukey’s bi-weighted mean, as 
implemented in Isoplot 3 (Ludwig 2003) in discussing 
our data. 
In addition to the GST titanite, covered in detail in 
this study, we made preliminary SHRIMP measure-
ments on other titanite samples. Faceted gem titanite 
from Sri Lanka, Madagascar, and Russia was analyzed, 
but none had sufficient U or Th, and all had 206Pb/204Pb 
values <100. Similarly, GST titanite from the Smart 
mine of Lake Clear, Ontario, and the Lost mine at 
Eganville, Renfrew County, Ontario, were analyzed, 
but they have lower U and Th than the Otter Lake and 
Campbell’s Bay titanite, or high percentages of common 
Pb, or isotopic heterogeneity, and therefore, have subse-
quently not been analyzed further.
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